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. siloxane polymer. However, when anhydride curing agents were used,
= there was considerable interdiffusion of the silane and the epoxy
N and the silane reacted with the curing agent to form an interphase
o, . . . .
}¢: that contained amide and a few imide groups.
LA
;G: Metal substrates were found to have a significant effect on the
* structure of the silane primer. When Y-APS films were deposited on
iron or titanium and then dried at 110°C, the silane polymerized to
5 form high molecular weight siloxane polymers. The amino groups in
2 the siloxane polymers absorbed carbon dioxide and water from the
b: atmosphere to form amine bicarbonate salts However, when similar
R films were deposited on 2024 aluminum or cOpper and then dried,
i polymerization of the silant< was inhibited §nd the amino groups were
-~ oxidized to form imine groups. \
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?&ﬁ I. Introduction

AL

Pt A great deal of progress has been made in recent years
'EQ: in modifying interfaces in adhesive jolints and composites
;?5 for improved stability in aggressive environments. For

}ﬁ; example, aluminum hus frequently been prepared for adhesive
- bonding by etching in an aqueous solution of chromic and

:Sﬁ sulfuric acids (the FPL etching process). This process

::f produced an oxide that was very porous and enabled the

Ao formation of strong adhesive bonds to aluminum substrates in
iﬁi dry environments (1). However, the oxide had poor corrosion
3&5 resistance and the adhesive bonds had poor durability during
ey exposure to moist environments (2).

iﬁ: Very recently it has been shown that anodizing aluminum
Eéi in phosphoric acid produces a porous oxide (1) that has very
‘5¢x good corrosion resistance (2). Strong, stable adhesive

S%: bonds may be obtained with aluminum adherends tliat have been
‘:f: anodized in phosphoric acid. Somewhat similar results have
\;} been obtained for titanium. Anodizing titanium in chromic
n%& acid provides a rather porous, stable oxide that enables the
§E§ formation of strong, durable bonds to titanium substrates
N (3).

;%& It is well known that the poor hydrothermal stability
ffﬁ of adhesive bonds to aluminum is related to hydration of the
Sea) - oxide (4). The outstanding hydrothermal stability of the

oxide obtained by anodizing aluminum in phosphoric acid has

SO0 been attributed to the formation of a monomolecular layer of

AlPO4 on the surface of the oxide (4). This compound has

W T AW
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s
k ? very low solubility in water and inhibits hydration of the
&
X : oxide. Similar hvdration inhibitors, such as nitrilotris-
T@FJ methylenetriphosphonic acid (NTMP), can be used to improve
'g the stability of the oxide produced on aluminum by the FPL
%A etching process (5).
) Surface pretreatuent can also be used to obtain
:fs improved performance in graphite-reinforced composites.
Aoge
?vq Oxidation of graphite fibers improves the fiber/matrix shear
|
strength by removing a weak layer from the fiber surfaces

;Eg and by introducing reactive oxygen atoms into the surfaces
Py -
oo (6).
: ; Organofunctional silane "coupling agents" have been

£E used to improve the hydrothermal stability of glass fiber
'Eg reinforced composites. We showed that thin films ot silanes
. such as y-aminopropyltriethoxysilane (Y-APS) are extremely
-éﬁ effective primers for improving the hydrothermal stability
;EE of iron/epoxy adhesive joints (7,8). Yy~-APS was also an

:" effective primer for titanium/epoxy adhesive joints (7) but
i?i% there were some differences between the performance of -APS
;éi on iron and on titanium. Y-APS is usually applied from

N dilute aqueous solutions and the pH of the solutions was a
s&; very important variable for iron substrates but was less
§§; important for titanium. Very recently we have shown that -
“ APS is also an effective primer for enhancing the hydro-
v

:é thermal stability of aluminum/epoxy adhesive bonds (9).
?Eg Conslderable progress has also been made in developing
‘_. analytical techniques for determining the chemical and
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‘p: physical struciures of surfaces. Vacuum technigues, such aw
N

xS

ARS Auger electron spectrowcopy (AES) and x-ray photoelectron
"

spectlroscopy (XPS), have been usetul tor characterizing

.
>
AN o ‘
5}, pretreated substrates and failure surfaces (10). Optical
N . . - _
e techniques such as intfrared spectroscopy, especially bFouricer
> v 3|
transform infrared spectroscopy (FTIR), have been
g
’j{ particularly useful in characterizing thin rilms such as
.
o,
~
o~ primers and oxides formed on metals (11).
e There has been a great deal of progress in moditying
jt polymer interfaces so0 as to obtain improved pertormance in
N
.fﬁ adhesive joints and cumpousites. Significant progress has
, also been made in characterizing the surface regions ot
. ¢
- »
»?Z solids. However, there are some areus relevant to adhesive
g
< bonding and composites where few advances have been made.
] Those areas include determining the structure of polymer
»
"
: interphases and developing analytical technigues for the in
Wy . . . . , -
o situ, non-destructive determination ot the stability or
D
polymer interfaces during exposure to agygressive
".-::‘ environments.
YA
h."'
:y In this report, initial results ftrom our investigation
o
of polymer interphases are described. Subsequent reports
Ly Vo
b
"y will also describe the use of ellipsometry as a continuous,
-\.'
e in-situ, non-destructive technique for determining the
*w
—_ stability of LHolymer interfaces during exposure to harsh
~ -
L]
}2 environments.
o,
i -.':
A Interphuses represent the transition regions between
-
polymer/substrate interfaces and the bulk of the polymer.
S
7
\ S
B

z
()

-

Xy

L4
h

R

St

g
'y
b



PP g
L
a4 a8 ¢ "

-
n .

J.. »
PN

hY
DR
a“© u a1

'Xg
Yl'.’

»
tels

o
.
M~

F AN

5
r)

Pty
PN
-8

by

(A
P

P 4

Ny e %
KA Y

o

+

P

As a first approximation, it is usually assumed that the

properties of the interphase are the same as those of the
bulk polymer. However, chemical and physical processes are
influenced by interfaces and there may be a gradation or
properties as the interface is approached. For example, the
presence of the interface and the nature of the interface
may cause orientation effects within the polymer or changes
in the curing reactions of the polymer. However, the extent
of these structural gradations and their depth away from the
interface and into the polymer are not well known.

We are using analytical techniques such as internal
reflection or attenuated total reflection inftfrared
spectroscopy (ATR), x-ray photoelectron spectroscopy (XPS),
and external reflection or reflection-absorption infrared
spectroscopy (RAIR) to determine the structure of polymer
interphases. All of these technigues have been described in
the literature. As a result, only some of the most
important features of each will be discussed here.

XPS is a non-destructive, highly surface-sensitive
teci.nique for determining the composition of the outermost
few tens of angstroms of a solid. When the surface of a
solid is irradiated with x-rays, core level electrons can be
ejected from atoms near the surface if the energy of the x-
rays is greater than the sum of the electron binding energy

and the work function of the spectrometer
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Since energy is conserved in this process, the binding
encergies of the photoelectrons can be obtained from the
expression

T = huv - Eb_ ()
where T is the kinetic energy of the ejected electron, h. is
the energy of the incident photon, Eb is the binding energy
of the electron, and ¢ is the work function of the
spectrometer. Since the binding energies ot the electrons
in each element are unique, the cowmposition of a solid can
be determined from measurements of the binding energies of
the emitted photoelectrons. Moreover, changes in the
oxidation state of an atom result in small changes in the
binding energies, making it possible to obtain some
information about the chemical bonding in the solid.

XPS is very surface-sensitive even though electrons are
emitted from deep within the solid. That is because the
probability of an electron escaping from the solid without
losing energy in inelastic collisions is a function of the
material, the kinetic energy of the electron, and the depth
beneath the surface from which the photoelectron originated.
The depth below which less than 1/e of the emitted electrons
of a given enerygy escape the solid without having undergone
inelastic collisions is termed the escape depth and
represents the depth of material that is responsible for
most of the intensity of a photoelectron peak. The escape

depth for organic solids is typically a few tens of

angstroms (12).

[(Ga}
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One valuable aspect of XPS is the ability to do non-
destructive depth profiling by varying the "exit angle," the
angle between the solid surface and the optical axis of the
electron energy analyzer (see Figure 1). The analysis

depth, x, is related to the escape depth, d, by the

expression

x = d sin(v) (1)
where U 1s the exit angle. When the sample surface is
normal to the optical axis of the analyzer (Figure 1A4), the
escape depth and the analysis depth are equal. However,

when the exit angle is decreased (Figure 1B), the analysis
depth decreases and a larger percentage of the detected
electrons will have originated from near the surface.
Another interesting aspect of XPS concerns surface

morphology (13). When XPS data are obtained from a surface
at several exit angles, it is possible to distinguish
between several different morphologies. For the model
substrate/overlayer surface structures shown in Figure 24,
the equations governing signal intensity are as follows:

I, = £(9) I (®) exp(-d/A sin ) (2) ;

Io = £(§) Io(w) (1—exp(—d/Aosin ) (3)

Where IS is the intensity for electrons originating in the

substrate, I  is the intensity for electrons originating in

the overlayer, t(y) is the spectrometer sensitivity as a

cainl B Mdcbuciiacinie

function of exit angle, Is(w) is the intensity in the

-,

absence of an overlayer, I () is the intensity when the ‘
overlayer is "infinitely" thick, d is the thickness of the §
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overlayer, ) is the escupe depth of photoelectrons, and v is
the angle between the optical axis of the clectron energy
analyzer and the sample surface.

Equation 2 shows that the intensity of the signal
arising from the substrate increases exponentially as the
angle between the electron energy analyzer and the sample
surface is increased. Egquation 3 shows that the intensity
of signals arising from species 1in the overlayer decrease in
a similar exponential manner as the spectrometer exit angle
is increased.

Other surface morphologies can be identified by the
functional dependence of intensity on exit angle (13,14).

If the surface phase is present as a discontinuous film
whose thickness is less than the electron escape depth
(Figure 2B), then the intensity of the surface phase will
again show an exponential dependence on exit angle as
described by equation 2. However, both substrate and
overlayer species will be present at the surface in this
instance, and the intensity of bands arising from species in
the bulk or substrate phase will not show as strong a
dependence on exit angle as predicted by eguation 3.

If the surface phase is present as a discontinuous film
whose averége thickness is greater than the electron escape
depth (Figure 2C), then both phases will again be visible at
all exit angles. The intensity of peaks arising trom
material in the surface phase will not, however, show a

dependence on spectrometer exit angle.
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Internal reflection or ATR infrared spectroscopy is an
extremely usetul technique for determining the composition
of the surface regions of polymers (15). In ATR, the
surface c¢f a polymer is pressed against the surface of a
transparent crystal (internal reflection element) with a
refractive index greater than that of the polymer and
infrared radiation 1is directed at the interface from within
the crystal (see Figure 3). 1If the angle of incidence is
greater than some critical angle and the polymer is not
absorbing, total reflection of the radiation back into the
crystal will occur at the interface. An electric field will
still exist within the polymer but it will not propagate and
1ts amplitude will decay exponentially with distance into
the polymer. When the frequency of the infrared radiation
equsls that of a vibrational mode in the polymer, energy
will be absorbed by the polymer and the reflectivity of the
interface will decrease. Thus, an attenuated total
reflection (ATR) infrared spectrum can be obtained from thlie
polymer by varying the frequency of the infrared radiation.

The amplitude of the electric ftield in the polymer will
decrease to 1/e of its value at the interface at a distance
¢ into the polymer. § is referred to as the penetration
depth (15) of the radiation in the polymer and is given by

the expression

s = ag/t2in, ((n /ny) sty - 1172 (4)

where "o is the wavelength of the radiation in vacuum, n,

and n, are the refractive indices of the crystal and the
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polymer, and U is the angle of incidence. Depth profiling
can be accumplished by changing Equation 4 shows that
can be increased by decreasing the angle of incidence or the
refractive index of the crystal. However, O is several
thousand angstroms for most polymer/crystal combinations and
ATR is not as surface sensitive as XPS.

RAIR is a technique for obtaining the infrared spectra
of extremely thin films on reflecting substrates by
reflecting infrared radiation that is polarized parallel to
the plane of incidence off of the surface at large, grazing
angles of incidence (11). Under these conditions, the
incident and reflected waves combine to form a standing wave
that has considerable amplitude at the surface. On good
reflectors such as polished or evaporated metals, RAIR
allows useable spectra to be obtained from surface films
approximately a monomolecular layer in thickness. Because
the band size in a typical RAIR experiment is only a sumall
percentage of the total reflected energy, FTIR spectrometers
greatly facilitate the use of this technique by providing
improved signal to noise ratios and greatly reduced scan
time when compared to typical dispersive spectrophotometers.

In RAIR, the electric vector at the interface between
the film and the substrate is perpendicular to the surface
of the substrate. As a result, absorption bands due to
vibrational modes polarized perpendicular to the surface

appear with enhanced intensity when RAIR spectra are

compared to transmission spectra but bands corresponding to

e
e
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modes polarized parallel to the surface appear with reduced
intensity. This feature makes RAIR very useful for
determining the orientation of adsorbed species.

II. Experimental

The samples used in this investigation were double
cantilever beams consisting of thick beams of adhesive cast
onto polished aluminum and titanium beams. The geometry of
these samples resulted in large residual stresses forming at
the interface due to differential therwal contraction and
polymerization shrinkage and allowed cracks to be easily
propagated near the interface, exposing the interphase at
the adhesive/substrate interface for examination.

The aluminum substrates consisted of beams of 2024-T3
alloy that were mechanically polished using standard
metallographic techniques. The beams were initially
degreased in acetone, washed with a mild detergent, and
cleaned for five minutes in a mixture of sulfuric acid and
sodium dichromate. Beams were polished with succesively
finer grades of dry SiC paper and then polished with 14.5
micron alumina powder and Mg0 on Microcloth (Beuhler, Inc.),
resulting in surfaces that were bright mirrors. Previous
analysis of such surfaces using RAIR and XPS (16) showed

that they consisted of a thin film (about 40 A) of amorphous

A1203 and some hydroxide, probably pseudoboehmite, that

contained both molecular water and water of hydration. The
amount of hydrocarbon contamination present on the surfaces

as determined by XPS and RAIR was quite small and the

10




surfaces were easlily wetted by adhesives based on epoxy
resins derived from the diglycydl ether of bisphenol-A epoxy
(16) .

The adhesive used with the aluminum substrates
consisted of a low molecular weight DGEBA epoxy resin (Epon
828, Shell Chemical Co.) cured with 10 phr of triethylene-
tetraamine (TETA, Fisher Scientific Co.). The resin was
outgassed in a vacuum oven at 50°C and then combined with
the curing agent in a beaker using a magnetic stirrer.
Heating of the resin before addition of the curing agent
facilitated complete mixing and reduced the viscosity,
helping to ensure that complete wetting of the substrate was
kinetically possible.

An aluminum mold, lined with 1/8" thick fluorocarbon
plates, was clamped around the freshly prepared substrate
and filled with the warm adhesive mixture. The samples were

then allowed to cure overnight at room temperature, after

which they were removed from the mold and postcured at 100°%

for one hour. The resulting sample is shown in Figure 4.
After cooling from the postcure, residual stresses in
the beams were high enough to cause visible deflection of
the aluminum beam substrates. Interfacial cracks frequently
started spontaneously, due to the magnitude of the stresses
and the absence of mechanical interlocking with the polished
surtface, and were easlly propagated by applying a light

restoring force to the beams.
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Preparation of samples with titanium substrates was
very similar. Beams were machined from Ti-6Al, 4V alloy and
then mechanically polished but 0.3 micron alumina was used
in the final polishing. Two different adhesives were used
with the titanium substrates. Both contained an epoxy resin
(Epon 828) but one used a tertiary amine salt curing agent
(K~-61B, Pacific Anchor Chemical Co.) and the other used an
anhydride curing agent (nadic methyl anhydride, Fisher
Scientific Co.) with a tertiary amine accelerator (benzyl
dimethylamine, Fisher). The adhesive with the tertiary
amine salt curing agent was cured at 100° for one hour,
removed from the mold, and post-cured at 150°C for two
hours. The adhesive with the anhydride curing agent was
cured at 10000 for two hours and then post-cured at 15000
for two hours.

After the epoxy beams were debonded from the
substrates, specimens for XPS and RAIR analysls were
sectioned from both the adhesive and adherend failure
surfaces using a band saw and spectra were obtained from the
fracture surfaces as soon as possible, usually within
minutes. XPS spectra were obtained using a Physical
Electronics Model 5300 spectrometer using Mg K, radiation at
a power of 300 watts. All binding energies were referenced
to the aliphatic C(1s) peak at 284.6 eV to correct for
sample charging. The KAIR and ATR spectra were obtained
using a Perkin-Elmer Model 1800 FTI1R and reflection

accessorles from Harrick Scientific.
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III. Results and Discussion

A. Interphase Composition in Aluminum/Epoxy Adhesive Joints

.ne Al(2p) XPS spectrum obtained from the epoxy
fracture surface of an aluminum/epoxy double cantilever beam
prepared using TETA as the curing agent is shown in Figure
5. A weak band related to aluminum was observed near 74.6
eV, indicating that crack propagation occurred at least in
part through the oxide. The intensity of the band showed no
dependence on the exit angle, suggesting that the aluminum
was not present on the epoxy surface as a thin film, but as
discrete particles whose thicknesses were greater than the
escape depth of the photoelectrons.

The RAIR spectrum obtained from the corresponding
aluminum fracture surface is shown in Figure 6. A weak band
related to the epoxy resin was observed near 1510 cm—l,
indicating that a small amount of resin was retained on the
aluminum surface. Electron microscopy of the aluminum
fracture surfaces showed islands of a non-conducting
material with dimensions on the order of microns which may
have been cured resin. During crack propagation, the locus
of failure apparently shifted between the epoxy resin and
the aluminum oxide.

Analysis of the C(1ls) XPS spectra of the fracture
surfaces gave additional information as to the composition
of the region in which failure took place. Figure 7A shows
the curve-fit of the C(1s) spectrum obtained from a bulk

specimen o’ cured epoxy. This specimen was fractured from
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the interior of the curced beam and served as an example ot
the adhesive cured in the absence of an interface. The main
component, located near 284.6 eV, was related to electrons
from carbon atoms that were bonded only to hydrogen atoms or
to other carbon atoms. The component shifted by 1.0 eV
toward higher binding energy resulted from carbon atoms that
were bonded to nitrogen atoms, while the component shifted
upward by about 1.63 eV was characteristic of carbon atoms
making single bonds to oxygen.

The curing reaction between epoxies and aliphatic
amines results in the conversion of primary and secondary
amines to secondary and tertiary amines as the amines open
up the glycidyl ether rings through nucleophilic attack.
Each of these cross-linking steps results in the formation
of a CN bond at the expense of a CO bond. As the curing
reaction proceeds there is an increase in the percentage of
carbon atoms that are bonded to nitrogen atoms and a
decrease in the percentage of carbon atoms that are bonded
to oxygen atoms.

Table 1 shows the percentages of the different types of
carbon atoms that were calculated for the bulk adhesive
before and after cure. The percentages observed for the
bulk cured resin and for the epoxy fracture surface are also
shown. About 6.3% of the carbon atoms present in the
uncured adhesive should exist in CN bonds. If the curing

reaction proceeds so that all of the primary amines react to

form tertiary amines, about 8.3% of all of the carbon should

YNy
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o
,x; exist in CN bonds. Analysis of the C(1s) spectra of the
iﬁi bulk cured resin (Figure 7A) showed that about 8.5% of the
jv“ carbon atoms were bonded to nitrogen and that the reaction
EE between TETA and DGEBA epoxies involves mostly the primary
?E amines of the curing agent.
o Figure 7B shows the C(1s) spectrum obtained from the
%:E epoxy fracture surface. Reference to Table 1 shows that the
F& percentage of carbon atoms in CN and CO bonds was about

. 11.4% and 28%, respectively. However, atomic concentration
gﬁ measurements showed that the total amount of nitrogen and

:é oxygen present on the fracture surface was about the same as
.: in the bulk. This suggests that the degree of crosslinking
ég in the interphase region is greater than in the material

i% located farther away from the interface.

- o Additional information regarding the chemical
123 composition of the interphase region was obtained from an
ke
;fﬁ examination of the N(1s) spectra of the resin and fracture
4: surfaces. The N(l1ls) spectrum obtained from the bulk, cured
;sé material consisted of a strong component near 399 eV and a
;:3 weak component about 1.6 eV toward higher energies that was
wt about 3.2% of the total band area (see Figure BA). When the
t:g N(1s) spectra from the epoxy and substrate sides of the
Eaﬁ fracture surface were examined, it was obse—ved that the
DA

< higher binding energy component increased in intensity to

;g about 25% and 50% of the band area, respectively (see
$§ Figures 8B and 8C).
b
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'%:_ The bhand near 399 eV was related to nitrogen atoms
;‘? bonded to hydrogen or carbon but the weak band at higher
;J\ energlies in the bulk epoxy was probably related to nitrogen
33& atoms that were protonated by hydroxyl groups present in the
3;ﬁ' cured DGEBA resin. The formation of amine hydrochlorides
1 with residual HC1l, a byprodu.t of the preparation of DGEBA
f;i resins, was considered as a possibility, but was ruled out
;ﬁL because of the absence of any trace of chlorine in spectra
) of the cured resin. The formation of amine carbonates or

o

%§ bicarbonates with dissolved CO, was also considered, but the
J§ high-energy component was still observed in spectra obtained
ot from cured adhesive prepared in an N2 atmosphere from

2& carefully degassed resin and curing agent.
41} Previous work using RAIR (16) has shown that the oxide
" present on the surface of mechanically polished 2024-T3

%E aluminum contains a large amount of hydroxide and molecular
}ﬁ water. Isocelectric point measurements of these same
"N surfaces (16) indicated that they are slightly acidic, with
:':-:E a pK_ between 7 and 4.5. It is likely that the higher
E:E binding energy nitrogen near the oxide surface resulted from
.\; protonation of amino nitrogen atoms in the curing agent by
f:; acidic hydroxyl groups on the as-polished surfaces.
':ﬁ Other work has also indicated that oxidized aluminum
.;t surfaces are able to protonate amines. XPS spectra of thin
%ﬁ films of N-propylamine adsorbed onto polished 2024 aluminum
lii showed the presence of high binding energy N(1s) electrons
_; attributed to protonated amines (17). Also, angle-resolved
o

o
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XPS of thin films of amino functional silanes deposited onto
polished 2024 aluminum from dilute solution show high
binding energy nitrogen material in the regions close to the
oxide, and less high binding energy material farther away
from the oxide surface (18).

As stated earlier, the aluminum present on the epoxy
side of the fracture surface appeared to exist as island
structures and not as a continuous film since the intensity
of the Al(2p) peak did not change with exit angle. The high
binding energy nitrogen material found on the epoxy side of
the fracture surface and attributed to protonated amino
groups also showed no dependence on exit angle. The
demonstrated ability of the oxide to protonate amines
suggests that th: protonated amine compounds present on the
adhesive falilure surface near the interface were associated
with the aluminum removed from the adherend surface during
fracture. Most of the amines present on the aluminum
fracture surface were in a region extremely close to the
oxide surface, and therefore a larger percentage of the
amines in this reglion were protonated.

Primary and secondary aliphatic amines act as initiators
in the polymerization of epoxy resins. The amine nitrogen
attaches to the terminal carbon atom of the epoxy ring in a
nucleophilic addition reaction. This opens the epoxy ring
and forms an oxygen anion from the glycidyl oxygen. Chain
propagation occurs as the oxygen anions open other epoxy

rings through nucleophilic addition. Both the initiation

17



and propagation steps require the prescnce of a proton donor .
Py to stabilize the intermediate oxygen anions (19,20).

The concentration of proton donors is a rate-limiting
factor in the curing reaction (20). The concentration of
material capable of functioning in this proton-donating role i’
is low in the bulk resin and limited to the alcohol groups

that are part of higher molecular weight DGEBA molecules and

P

- possibly to other stray molecules such as water or other

impurities.

e
[y

-0 g
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Proton donators are abundant, however, near the

hvdroxyl-rich aluminum oxide surface. This is suggested by

N g bar e WY

the presence of protonated amino nitrogens in the vicinity

of the aluminum oxide. These same hydroxyls are probably

et Y lte i

capable of catalyzing the curing reaction and are therefore :

probably responsible for the large amount of chain

.
o,

initiation steps detected in these same regions. As a

Y Tr v

result, the average molecular weight and crosslink density

of the cured epoxy in this interphase region 1is probably

considerably different than that of the bulk material.

B. Interphase Composition in Titanium/Epoxy Adhesive Joints

RAAPI

We have also used ATR to determine the structure of the
ot interphase in titanium/epoxy adhesive joints. As described

above, samples were prepared by curing epoxy beams against

td
g

titanium beams and then propagating cracks very near the
interface to debond the beams. The ATR spectra were then
S obtained by pressing the failure surface of the epoxy bean

against the face of an internal reflection element.

Al
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Spectra shown in Figures 9A and 9B were obtained from
the failure surfaces of epoxy beams that were cured against
primed and unprimed titanium beams, respectively, using a
tertiary amine salt curing curing agent and then debonded.

A Ge IRE and a 60° angle of incidence were used to obtain
the spectra. The spectrum shown in Figure 10 was obtained
by subtracting the spectrum in Figure 9B from that in Figure

9A. The strong bands near 1040 and 1130 cm™1

in the
spectrum shown in Figure 10 are characteristic of siloxane
polymers, indicating that the failure surface of the epoxy
team consisted mostly of primer and that faillure occurred
close to the primer/oxide interface. No bands related to
unique species in the interphase were observed.

The experiment was repeated using the same Ge IRE but a
smaller angle of incidence (450) to increase the depth of
penetration but the results were similar. Difference
spectra obtained by subtracting ATR spectra of epoxy beams
debonded from primed and unprimed substrates contained only
the bands near 1040 and 1130 c:rn_1 characteristic of siloxane
polymers. No new bands due to unique species in the
interphase were observed and it was concluded that the
silane polymerized at the interface without significant
interdiffusion with the epoxy.

The spectra shown in Figures 11A and 11B were obtained
using a Ge IRE and a 60° angle of incidence from the failure

surface of an epoxy beam that was cured against primed and

unprimed titanium beams, respectively, using an anhydride

% N N T




curing agent with a tertiary amine accelerator and then
debonded. The difference spectrum obtained by subtracting
the spectrum in Figure 11B from that in Figure 11A is shown

in Figure 12 and was characterized by a strong band near

1100 cm_l, by weak bands near 1700, 1570, 1630, and 1780

1

cm—l, and by a weak negative band near 1740 cm~ The bands

near 1780 and 1740 cm—l are related to anhydride and ester

groups, respectively, while those near 1570 and 1630 cm—1

are related to amide groups (21). The band near 1700 cm~ !
was attributed to imide groups.

A unique species was formed in the interphase resulting

from the reaction of the Yy-APS primer with the anhydride
curing agent to form amide groups. Further reaction
‘aé resulted in the formation of a few imide groups. The
spectrum shown in Figure 12 implies that there were more
anhydride and amide groups and less ester groups in the
interphase of the primed joints than in the interphase of
the unprimed joints. Thus, the primer decreased the rate at
s which the anhydride was consumed and the manner in which it
i\& was consumed.
When the depth of penetration was increased by using
s the Ge IRE with a smaller angle of incidence (45°) or by
using a KRS-5 IRE with the same angle of incidence (60°),
similar results were obtained. That is, there was more

amide formation and unreacted anhydride and less ester

‘D
L. formation in the interphase of epoxy beams cured on primed
o
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o titanium beams than in the interpliuse on unprimed titanium
beans. -
C. Effect of Substrate on Interphase Structure

As indicated above, ATR can be used to determine the
structure of polymer interphases at depths of a few thousand
angstroms into the polymer. Reflection-absorption infrared
spectroscopy (RAIR) and XPS are more useful for determining
the structure of interphases within a few tens of angstroms
of the substrate surface. We have used RAIR and XPS to |
determine the effect that metal substrates hava on the
structure, and thus the properties, of silane primers cured
against the metals.

The RAIR spectra obtained from a thin film of Y-APS
deposited on an iron substrate from a 2% aqueous solution
after curing at room temperature for thirty minutes and
after curing at 110°C for one hour are shown in Figures 13A
and 13B, respectively. The spectrum shown in Figure 13A is
similar to those that have been reported previously for thin

fﬁ films of Y-APS formed on iron (22) and is dominated by a

;: strong band near 1130 cm_1 and by moderately intense bands
near 1630, 1570, 1470, 1330, and 1040 cm 1. The bands near

- 1130 and 1040 cm-1 are related to siloxane polymers,

indicating that 3y-APS primer was hydrolyzed in solution and

then polymerized on the surface of the iron substrate.

~0 Bands near 1630, 1570, 1470, and 1330 cm™ ! are all related
\‘:\
?1: to amine bicarbonate salts formed by carbon dioxide and
"¢
- water absorbed bty the primer films (23).
{
s |
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\.
zz When the spectra shown in Figure 13 are coumpared, it is
i: evident that heating the Y -APS films at 110°C had a
tg significant effect. The band near 1130 <:m—1 increased in
™)
&; frequency to about 1150 cm_1 and the shoulder near 1040 cm !
{i was clearly resolved, indicating additional polymerization
.. within the films. 1In addition, the bands near 1630, 1570,
:; 1470, and 1330 cm™! a11 decreased in intensity due to the
';{ desorption of carbon dioxide and water and to the break-up
.* of the bicarbonates. However, it is interesting that these
r* bands did not completely disappear. That is, once carbon
?Q dioxide was desorbed, it was reabsorbed when the Yy-APS filws
e were exposed to a humid atmosphere containing carbon
:E‘ dioxide.
EE; The RAIR spectra obtained from a thin film of Y-APS
e deposited on a 2024 aluminum substrate after curing at room
EE temperature for thirty minutes and after heating at 1109
Ei for one hour are shown in Figures 14A and B, respectively.
;; Spectra obtained from the as-formed films after curing at
‘:E room temperature were similar to those formed on iron except
"
}g for some subtle differences. For example, the main band
;; related to siloxane formation was near 1100 cm * for films
%; formed on 2024 aluminum and near 1130 cm~! for films formed
b
.Eﬁ on iron. The second band characteristic of siloxanes was
_; near 1040 cm~! for films formed on 1ron but was hardly
'E observed for films formed on aluminum. These differences
,i; indicate that the degree of polymerization was less for -
Py
._*‘:.
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APS fillws formed on 2024 aluminum than on iron. Otherwise,
the as-formed films were quite similar.

When the spectra shown in Figures 13B and 14B are
compared, it is evident that drying at elevated temperatures
had different effects on -APS films formed on 2024 aluminum
and on iron. For example, heating lead to formation of a

band near 1660 cm }

in spectra of V-APS on 2024 aluminum but
not on iron. Moreover, Y-APS films on iron reabsorbed
carbon dioxide after heating and reformed bicarbonates more
readily than films formed on 2024 aluminum.

Differences in the behavior of Y-APS films on 2024
aluminum and iron were probably related to the effectiveness
of the metals as catalysts for the oxidation of the amino

1 in the

groups. The band that appeared near 1660 cm
spectra of Y-APS films on 2024 aluminum after heating at
110°C for one hour was probably related to oxidation of the
amino groups to form imines (24) as shown below:

2 RCH2NH + 02 > 2RCH=NH + 2H20

2
Copper present in the 2024 aluminuim substrates is a powerful
catalyst for such oxidation but iron is much less effective.
As a result, imines formed much more readily on 2024
aluminum than on iron. However, imines may be less likely
to form bicarbonates than are awmines. Therefore, heat-
treated films on 2024 aluminum reabsorbed carbon dioxide to
a much smaller extent than heat-treated films on iron.

These conclusions were supported by results obtained using

copper and titanium substrates. Imines formed readily when
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o
?J Y-APS films were deposited on copper substrates and then
ﬁg heat-treated. However, the band near 1660 cm™! was not
Q_ observed when Y-APS films were formed on titanium and
IZ heated, implying that imines do not form so easily on
‘% titanium and that titanium 1is less effective as a catalyst

. for the oxidation of amines than copper. ,
ﬁ? Preliminary results obtained from XPS also indicated 3
% that Y-APS films formed on 2024 aluminum are more complex E
) than those formed on iron. The N(1s) spectra of films
,E formed on iron consisted of a single band near 400 eV that E
;é was related to free primary amino groups but those of films h
 ¥ formed on 2024 aluminum were much more complex and consisted

é: of several overlapping bands (see Figure 15). One band was :
if related to free amino groups. The others may be related to 3
- imine groups and to amino groups protonated by surface

EE hydroxyls.
ii These results are extremely interesting since they show

. that Y-APS can undergo degradation reactions at temperatures
'? that are commonly used in curing adhesives and matrices in :
Fs composites. Degraded Y-APS will be less effective as a \
\ coupling agent or primer since half of the reactive hydrogen
:j atoms from the amino groups are removed during the formation S
,g of imines, making the silane less likely to react with an f
" adhesive or a matrix resin.

2 Considering that some metals catalyze the degradation

_E but others do not, it is evident that the performance of Y-
 ¥ APS can vary significantly depending on the substrate. _
v D
: ;
o .
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‘?ﬁ However, it should be possible to reduce the effects or

ﬁg degradation reactions and to obtain consistent performance
-~ on a varlety of substrates by curing adhesives or composites
5? in inert atmospheres.

Qf IV. Conclusions

Yo The results obtained here indicate that a metal

£€ substrate can have a significant effect on the structure and
,f$ thus the properties of an adhesive cured against that

O substrate. When an epoxy adhesive iss cured against

_ij aluminum using a polyamine curing agent, hydroxyl groups

.Ei present on the oxide surface protonate the nitrogen atoms in
: the curing agent and catalyze the curing reaction. The

: result is an interphase region that has a considerably

- different network structure than the bulk adhesive.

o The use of silane primers can result in complex

:3% interphases depending on the silane and the adhesive. When
t;% an epoxy is cured with an anhydride curing agent against a
h;. metal that has been pretreated with a primer consisting of
_Efz s Y-aminopropyltriethoxysilane (Y-APS), the silane and the
:iﬁ' epoxy interdiffuse and the silane reacts with the anhydride,
o resulting in an interphase that has a much different

%&j structure than the bulk adhesive. When the same epoxy is
ﬁg cured with a tertiary amine salt curing agent against a

T pretreated metal, the silane seems to remain near the metal
'Egg surface, resulting in an interphase that is composed mostly
!-5:4; of a siloxane polymer.
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Metal surfaces can still have a significant effect on
the structure of the interphase even when a silane primer is
used. When Y-aminopropyltriethoxysilane (Y-APS) primers are
deposited on 2024 aluminum or copper and then heated to
temperatures above about 110°C, a reaction occurs in which
the amino groups are oxidized to imine groups. When similar
primers are deposited on iron or titanium and then heated,
less oxidation of the amino groups occurs. As a result,
different interphases may be expected on different metals

even when the same silane primer and adhesive are used.
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Table 1

Atomic percentages of carbon species calculated
and observed for an epoxy adhesive cured with
triethylenetetraamine.

C-C(%) C-N(%) C-0(%) C=0(%)
Calculated, 59.0 6.3 35.0 0.0
uncured adhesive
Calculated, 59.0 8.3 33.0 0.0
cured adhesive
Observed, 57.0 8.5 32.0 2.0
bulk adhesive
Observed, 59.0 11.4 28.0 1.0
adhesive interphase
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” Prgure 1. bDepth-protiling ot solid surtuaces using angle-
s resolved XPS. In (A) the sample surface is normal
) to the optical axis of the energy analyzer. 1In
W (B) the sample surface makes an angle ¢ with the

optical axis,
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o Figure 2. Three morphologles that can be identitfied using angle-
~ resolved XPS. X is the average escape depth of

Iy rhotoelectrons and d is the average thickness of an

S overlayer. In (A) there 1s a continuous overlayer on

a substrate. 1In (B) there is a discontinuous overlayer
o with an average thickness less than the electron escape
depth. In (C) there is a discontinuous overlayer with
- an average thickness greater than the escape depth.
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Figure 7. C(1ls) XPS spectra from the (A) - bulk,
cured epoxy and (B) - cpoxy fracture
surface.
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Figure 10. Difference spectrum showing bands due to silane
primer near 1040 and 1120 cm™1.
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Figure 11. ATR infraied spectra from epoxy/anhydride
adhesives cured against titanium beams that
were (A) - primed with a 2% aqueous solution
of Y-APS and (B) - unprimed.
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Figure 12. Difference spectrum showing bands due to amide
(1580 and 1640 cm~l; and imide (1700 cm™!)
formation and to residual anhydride (1785 cm™1)
in the interphase.
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Figuice 13. RAIR infrared spectra obtained from polished
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Y-APS for 1 minute and then blown dry with
N,: (A) - after curing for 30 minutes at room
temperature and (B) - after post curing for
1 hour at 110°cC. i
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